Prepared for submission to JHEP 



MAN/HEP/2012/021 



125 GeV Higgs Boson and the Type- 1 1 Seesaw 
Model 



Oh 



P. S. Bhupal Dev, a Dilip Kumar Ghosh, 6 Nobuchika Okada c and Ipsita Saha 6 

a Consortium for Fundamental Physics, School of Physics and Astronomy, 
CO University of Manchester, Manchester, MIS 9PL, United Kingdom 

Department of Theoretical Physics, Indian Association for the Cultivation of Science, 
CN 2A & 2B Raja S. C. Mullick Road, Kolkata 700032, India 

c Department of Physics and Astronomy, University of Alabama, Tuscaloosa, AL 35487, USA 
h— 5 E-mail: Bhupal . Dev@hep.manchester . ac .uk, tpdkgOiacs .res . in, 

okadan@ua.edu, tpis@iacs . res . in 

ABSTRACT: We study the vacuum stability and unitarity conditions for a 125 GeV Standard 
Model (SM)-like Higgs boson mass in the type-II seesaw model. We find that, as long as 
the seesaw scale is introduced below the SM vacuum instability bound, there exists a large 
parameter space predicting a 125 GeV Higgs mass, irrespective of the exact value of the 
i seesaw scale, satisfying both stability and unitarity conditions up to the Planck scale. We 

also study the model predictions for the Higgs partial decay widths in the diphoton and 
Z+photon channels with respect to their SM expectations and find that the decay rates for 
these two processes are anti-cor related. We further show that for any given enhancement 
^-j- in the Higgs-to-diphoton rate over its SM expectation, there exists an upper bound on the 

type-II seesaw scale, and hence, on the masses of the associated doubly- and singly-charged 
Higgs bosons in the allowed parameter space. For instance, if more than 10% enhancement 
persists in the Higgs-to-diphoton channel, the upper limit on the type-II seesaw scale is 
about 450 GeV which is completely within the reach of the 14 TeV LHC. We believe this to 
be an encouraging result for the experimental searches of the singly- and doubly-charged 
^ Higgs bosons which, in combination with improved sensitivity in the Higgs-to-diphoton 

and Higgs-to-Z+photon channels, could probe the entire allowed parameter space of the 
minimal type-II seesaw model, and establish/eliminate it as a single viable extension of the 
SM. 
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1 Introduction 

A new neutral boson with mass around 125 GeV has recently been observed with more 
than 5cj significance by both ATLAS [1] and CMS [2] experiments at the LHC, which is 
also consistent with the earlier observations of an excess in the 115 - 140 GeV range made 
by the Tevatron [3] experiment. While this new particle mostly resembles the highly sought 
after Standard Model (SM) Higgs boson (h), there still exist some deviations from the 
SM expectations of its signal strength in some decay modes [4, 5], most notably in one 
of the highest mass resolution channels, namely, h — )■ 77 [6, 7]. Although more data and 
further detailed analysis are required to confirm whether these deviations are just statistical 
fluctuations or indeed hints of some New Physics beyond the SM, it might be worthwhile 
examining some of the beyond SM scenarios which could possibly lead to these deviations. 

Even if the newly discovered particle turns out to be the SM Higgs boson, its current 
favored mass range Mh = 125 ± 1 GeV [4, 5] will make the SM Higgs self-coupling negative 
in its Renormalization Group (RG) running at some energy scale below the natural Planck 
scale Mp = 1.2 x 10 19 GeV, thus leading to an instability of the effective Higgs potential, if 
no New Physics is assumed at an intermediate scale (for a review, see e.g., [8]). Recently, 
a next-to-next-to-leading order (NNLO) analysis of the SM Higgs potential derived the 
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following lower bound on the Higgs boson mass from the condition of absolute vacuum 
stability up to the Planck scale [9]: 



M ft (GeV) > 129.4 + 1.4 



M t (GeV) - 173.1 
0/7 



0.5 



a 3 (M z ) -0.1184 
0.0007 



± 1.0(th). (1.1) 



According to this result, the vacuum stability of the SM up to the Planck scale is excluded 
at 98% CL for M h < 126 GeV. Putting it another way, M h = 125 ± 1 GeV leads to the 
vacuum instability scale Aj = 10 9 - 10 12 GeV (depending on the exact values of the top 
quark mass and the strong coupling constant) at which the Higgs self-coupling becomes 
negative, and hence, necessitates the existence of some new physics beyond the SM at or 
below Aj in order to make the electroweak vacuum absolutely stable (or sufficiently long- 
lived compared to the age of the Universe) all the way up to the Planck scale 1 . This 
provides us one of the main motivations to consider a simple and testable extension of the 
SM that can alleviate the vacuum stability problem at high scales while being consistent 
with all the experimental results at low scales. 

On the other hand, the discovery of neutrino oscillations, and hence, non-zero neutrino 
masses from solar, atmospheric, reactor and accelerator neutrino experiments [16] has given 
us a definitive evidence of some beyond SM physics. A precise understanding of the small- 
ness of neutrino masses, along with their observed large mixing is a potential gateway to 
New Physics [17]. It is certainly interesting to see if a simple extension of the SM which 
accounts for the non-zero neutrino masses and mixing can simultaneously solve the elec- 
troweak vacuum stability problem. Note that in general, the vacuum structure of the Higgs 
potential in any SM extension can be modified due to the addition of one or more of the 
following interaction terms to the SM Lagrangian: (i) Yukawa interactions associated with 
the generation of neutrino mass, (ii) additional Higgs interactions associated with the new 
degrees of freedom, and (iii) extended gauge interactions. 

The simplest theoretical way to obtain non-zero neutrino masses is by breaking the 
global {B — L) symmetry of the SM. This can be parametrized within the SM through 
an effective dimension-5 operator due to Weinberg [18]. There exist three tree-level re- 
alizations [19] of this Weinberg operator using only renormalizable interactions, and are 
generically known as the seesaw mechanism. In the simplest case, the so-called type-I see- 
saw [20-24], the SM particle content is supplemented by SM gauge-singlet right-handed 
(RH) Majorana neutrinos (vr), thus leading to the effective Weinberg operator of the type 
yij(Lj^)(Lj^)/M, where L = {vi,l)\ (with i = e,/i,r) is the SU(2) L lepton doublet, 
$ = (</> + , (f>°) T is the SM Higgs doublet, and M is the heavy neutrino mass scale. The pres- 
ence of these massive RH neutrinos has an impact on the structure of the Higgs potential 
above the seesaw scale M, and hence on its vacuum stability, via loop corrections induced 
by the RH neutrino Yukawa couplings [12, 15, 25-29]. The requirement that the electroweak 



1 The issue of electroweak vacuum stability for a SM Higgs mass in the vicinity of 125 GeV is not yet fully 
settled since this mass range is close to the transition between absolute stability and metastability [9-15], 
and the uncertainties (both theoretical and experimental), mainly on the top mass, are too large at the 
moment. In addition, the effective quantum field-theoretic treatment and the RG evolution of the SM 
parameters may not be valid all the way up to the Planck scale due to some non-perturbative quantum 
gravity effects. A proper treatment of all these yet unresolved issues is beyond the scope of this paper. 
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vacuum has a lifetime longer than the age of the Universe implies an upper bound on the 
RH neutrino mass scale of 10 13 — 10 14 GeV (depending on the physical masses of the light 
neutrinos) for = 125 GeV [12, 15, 25]. However, it was found that the vacuum stability 
lower bound on the SM Higgs mass increases for large Dirac neutrino Yukawa couplings, 
and for the Majorana neutrino mass in the LHC-accessible TeV range, a 125 GeV vacuum 
stability bound requires that the Dirac neutrino Yukawa coupling responsible for the light- 
heavy neutrino mixing should be small: y < 0.1 [29] thus limiting our ability to observe 
the heavy neutrino signals at the LHC. For current collider limits on the heavy Majorana 
neutrino mass and its mixing with the light neutrinos, see [30, 31]. 

Another realization of the seesaw mechanism, known as the type-II seesaw [24, 32-35], 
is by adding an SU(2)l triplet scalar field A = (A ++ , A + , A ) carrying hypercharge Y = 2 
to the SM, thus leading to the effective Weinberg operator (L T aL) • (Q T a&)/M, where 
a l, s are the usual 2x2 Pauli matrices. One of the most interesting features of the type-II 
seesaw is that the seesaw messenger field A, being a SM non-singlet, couples to the SM 
Higgs doublet via both cubic and quartic scalar couplings which has direct implications for 
the electroweak vacuum stability [36-42]. It turns out that a light SM Higgs boson in the 
(124 - 126) GeV range can easily be realized in type-II seesaw models. In fact, as shown 
in [36], the vacuum stability lower bound on the SM Higgs boson mass is well below 125 GeV 
(even lower than the LEP2 Higgs mass bound of 114.4 GeV) for a TeV-scale type-II seesaw. 
Another important phenomenological consequence of the type-II seesaw mechanism is that 
the SU(2)l triplet scalar fields can couple directly to the SM gauge bosons (W^, Z, 7), and 
hence, are relatively easier to be detected at the LHC, if kinematically accessible [43, 44] as 
compared to the SM singlet heavy neutrinos in the type-I seesaw case which require a large 
mixing with the light neutrinos to have any observable effects at colliders. The current 
LHC bounds on the scalar triplet masses are given in [45, 46]. 

The third realization of the seesaw mechanism, known as the type-Ill seesaw [47], is by 
adding an SU(2)l fermion triplet S, leading to the effective Weinberg operator (L T a&) 2 / M . 
The effect of these fermion triplets on the electroweak vacuum stability has been analyzed 
in [26, 48], and it was shown that similar to the type-II case, the vacuum stability bound 
becomes lower than the SM bound of 129 GeV for decreasing seesaw scale. These results 
have generated a lot of interest in type-II and III seesaw models 2 in the light of the recent 
LHC discovery of the 125 GeV Higgs-like boson. For a review of various seesaw models and 
their testability at colliders and other experiments, see e.g., [50]. 

In this paper, we will focus on the minimal type-II seesaw model with a single SU(2)l 
scalar triplet added to the SM and analyze the parameter space allowed by the stability 
of the electroweak vacuum and the perturbativity of the scalar couplings for a 125 GeV 
SM-like Higgs mass. In this model, there are seven scalar mass eigenstates: two doubly- 
charged (P ±=l: ), two singly-charged (H ), two CP-even (h, H°) and a CP-odd (A ) neutral 
scalar particles. However in a large part of the parameter space of this model, the mixing 
between the doublet and triplet scalar fields is usually small (unless the CP-even neutral 

2 The vacuum stability constraints for another variation of the seesaw, namely, linear and inverse seesaw 
models, have been recently studied in [49]. 
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scalar eigenstates are mass-degenerate), and hence, the lightest CP-even scalar field has 
essentially the same couplings to the SM fermions and massive vector bosons as the SM 
Higgs boson has [37, 51-54]. Therefore, we would expect its production rate as well as the 
branching ratios for its decay channels to be very similar to those of the SM Higgs boson, 
except for the loop-induced h — >■ 77 [44, 55, 56] and also h — > [42, 57] channels which 
receive additional contributions from H ±i: and running in the loop. This has motivated 
many recent studies within the context of the Higgs triplet model [39, 41, 42, 44, 53, 58- 
60] to explain the persistent 'excess' in the 77 signal strength of the Higgs-like particle 
discovered at the LHC. 

Our approach in this paper is mainly motivated by the vacuum stability problem for 
a 125 GeV Higgs boson in the SM. As argued earlier, we require to have some new physics 
below the SM vacuum instability scale A/ = 10 9 - 10 12 GeV to solve this problem. We 
assume this new physics scale to be the type-II seesaw scale which is well-motivated for 
explaining the non-zero neutrino masses and mixing, and systematically analyze the mod- 
ified RG running of the SM Higgs quartic coupling above this scale to obtain the allowed 
parameter space satisfying both vacuum stability and perturbativity conditions for all the 
couplings up to the Planck scale. We emphasize that there exists a large allowed parameter 
space for the type-II seesaw model which yields a 125 GeV SM-like Higgs boson pole mass, 
irrespective of the seesaw scale. We demonstrate this point by considering some typical 
values of the seesaw scale, both low (200 - 500 GeV) and high (10 9 - 10 10 GeV). We have 
included the effects of the neutrino Yukawa couplings on the RG evolution of the scalar 
couplings, which cannot be neglected in certain cases, unlike what was previously assumed 
in the literature. 

As a consequence of the low-scale seesaw case, we also study the predictions for the 
h — > 77 and h — > Zj branching ratios in the allowed parameter space of the type-II seesaw 
model with respect to the purely SM expectations. We find an antz-correlation between 
the h — > 77 and h — > Z7 decay rates which, in combination with its collider signals, could 
be used to test the low-scale type-II seesaw model at the LHC, when the signal strength 
sensitivities in the 77 and Zj channels improve in future. We buttress the motivation for 
collider searches of the low-scale type-II seesaw by obtaining an upper bound on the seesaw 
scale, and hence, on the associated doubly- and singly-charged Higgs boson masses, for a 
given enhancement in the h — )■ 77 decay rate over its SM expectation, under the assumption 
that no other new physics effects contribute to this enhancement. For example, with an 
enhancement of 10% or more, the corresponding upper limit on the type-II seesaw scale is 
about 450 GeV which is completely within the reach of the 14 TeV LHC. Thus, the LHC 
might be able to offer a definitive answer to the fate of the type-II seesaw model as a single 
viable extension of the SM up to the Planck scale. 

The plan of this paper is as follows: In Section 2, we review the type-II seesaw model and 
its scalar sector. In Section 3, we discuss the RG evolution of the Higgs quartic coupling and 
other scalar couplings in the model, including the effect of the neutrino Yukawa couplings. 
In Section 4, we present our results for the allowed parameter space at a given seesaw scale 
predicting a SM-like Higgs mass of 125 GeV while satisfying the vacuum stability as well as 
the unitarity conditions up to the Planck scale. In Section 5, we study the predictions of 
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the decay rates for the processes h — > 77 and h — > Z7 with respect to the SM expectations 
in the allowed parameter space of the type-II seesaw model, and show the anti-correlation 
between the two decay rates. We also derive upper bounds on the seesaw scale for a given 
enhancement in the h — > 77 signal strength. Our conclusions are given in Section 6. The 
matching conditions for the MS and pole masses of the top-quark and the Higgs boson are 
collected in Appendix A. 



2 Review of the Type-II Seesaw Model 



In this section, we briefly review the minimal type-II seesaw model (for a detailed discussion, 
see e.g., [61]) where, in addition to the SM fields, a triplet scalar field A is introduced, which 
transforms as (3,2) under the SU(2)l x U(1)y gauge group: 



with A 1 = (5++ + 5 
is given by 



A = 
2, A 2 



° A 



(5+/V2 6- 
5° -5^ 



(2.1) 



i(S ++ — <5°) / \/2, A3 = 5 + . The Lagrangian for this model 

(2.2) 



£ = £y + £ kinctic -V($,A), 
where the relevant kinetic and Yukawa interaction terms are respectively 



Arii 



'-'kinetic ~r~ xl 



(D^ (£>"A) 



L-Y = 1~Y 



1 



(YaL- LjCio^Lj + H.c. . 



v^y~*~-^— 3 

Here C is the Dirac charge conjugation matrix with respect to the Lorentz group, and 



(2.3) 
(2.4) 



£>„ A = d^A + i 9 -[a a W^ A] + i 9 -B,A (a = 1, 2, 3) 



(2.5) 



is the covariant derivative of the scalar triplet field, with the GUT-normalization for the 
electroweak couplings g = §2 and g' = y/3/5g\. 

Following the notation of [63], we write the scalar potential in Eq. (2.2) as 3 



V($,A) 



4($t$) + ^($t$)2 + M A Tr(AtA) + ^ [Tr(AtA) 



Ai 



A2 
2 



Tr(AtA) 
+ ^$ T i(7 2 At$ + H.c.J 



(AtA) 2 J + A 4 ($ t $)Tr(A t A) + A 5 $ t [At,A]3> 

(2.6) 



The coupling constants Aj can be chosen to be real through a phase redefinition of the field 
A. Also, we have chosen m\ > in order to ensure the spontaneous symmetry breaking of 



3 The general form of the potential given in [55] can be recovered with a simple redefinition of the 
couplings: A — > A/2, (Ai + A2) — > 2A2, A2 — > — 2A3, (A4 + A5) — > Ai, A5 — > — A4/2, and using the identity 
($ t <l>)Tr(A t A) = $ t {A t , A}$ which is valid for any traceless 2x2 matrix A. 
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the SU(2)l x U(l)y gauge group to U(1)q by a nonzero vacuum expectation value (vev) 
for the neutral component of the SM Higgs doublet, (0°) = v/y2 with v ~ 246.2 GeV while 
M\ can be of either sign. Note that the last term in Eq. (2.6) is the only source of lepton 
number violation at the Lagrangian level before the spontaneous symmetry breaking. 

2.1 Neutrino Masses and Mixing 

A non-zero vev for the Higgs doublet field $ induces a tadpole term for the scalar triplet 
field A via the Ag term in Eq. (2.6), thereby generating a nonzero vev for its neutral 
component, (5°) = va/V2, and breaking lepton number by two units. This results in the 
following Majorana mass matrix for the neutrinos: 

{M v )ij = VA{Y A ) i3 (2.7) 
The triplet vev contributes to the weakly interacting gauge boson masses at tree-level: 

M^ = 9 ~(v 2 + 2vl), M 2 = 9 l (v 2 + 4vl), (2.8) 
l l cos U\y 

thereby affecting the SM />parameter: 

M 2 1 + 

o = - + ^ (2 Q) 

p -M 2 co S 2 w 1 + 4 -i' [ ' 

The electroweak precision data constraints require the /^-parameter to be very close to its 
SM value of unity: p = 1.0004+°;°^ [64]. This requires 

— <0.02, or t> A <5GeV. (2.10) 

v 

Hence, we will be working in the limit va <C v. 

The electroweak symmetry breaking (EWSB) conditions are obtained after minimizing 
the scalar potential given by Eq. (2.6): 

m| = \\v 2 - A 6 v A + ^^v 2 A , (2.11) 

Ml = \^-\{U-X,)v 2 -\X IV 1. (2.12) 
2 va 2 2 

In the limit v a "C v , we obtain from Eq. (2.12) 

A&v 2 

VA = 2Mi + , 2 (A 4 -A 5 ) • (Z13) 
Note that for Ma S> v, Eq. (2.7) for the neutrino masses becomes 

M. * (2.14) 

with the dimensionless parameter Xq = Aq/Ma- Eq. (2.14) resembles a typical seesaw 
formula with M v oc M7 . 
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In order to satisfy the low-energy neutrino oscillation data [64], we fix the structure of 
the Yukawa coupling matrix Ya as follows: From Eq. (2.7), we obtain 

Y A = — = —U T M^U (2.15) 
VA VA 

where M* ag = diag(mi, m^, TO3) is the diagonal neutrino mass eigenvalue matrix. U is the 
standard Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix, usually parametrized 
in terms of the three mixing angles 812, 823, #13, and one Dirac (<5) and two Majorana [a\, 02) 
CP phases: 



U 



( C12C13 S12C13 Sl3e~ l5 \ 

-S12C23 - Cl2S23Stfe lS C12C23 ~ Sl2«23Sl3e l<5 S23C13 
\ S12S23 - C 12 C23Sl3e l5 -C12S23 - Si 2 C23Sl3e lS C23C13 / 



x diag(e 



iai/2 102/2 



where qj = cos 6ij, Sij = sin 8ij. For illustration purposes, we assume the Majorana phases 
in the PMNS matrix to be zero, and also choose a normal hierarchy for the neutrino masses 



with m\ = so that ni2 = y Am 2 ol anc ^ 7713 = V ^ m atm- Using the central values of a 
recent global analysis of the 3-neutrino oscillation data [65]: 

Am 2 ol = 7.62 x 1(T 5 eV 2 , Am 2 tm = 2.55 x 1(T 3 eV 2 , 

9i2 = 34.4°, 823 = 40.8°, #13 = 9.0°, 5 = 0.8tt , (2.16) 

we obtain the following structure of the Yukawa coupling matrix: 

( 0.31-0.12i -0.09 + 0.32i -0.72 + 0.37«' 

-0.09 + 0.32i 2.53 + 0.04i 2.19 + 0.0H | . (2.17) 
^-0.72 + 0.37i 2.19 + O.Oli 3.07 - 0.03i 



10" 2 eV 
Ya = x 

V A 



From Eq. (2.17), we see that there are two extreme cases: 

(i) Small Yukawa couplings which correspond to large va O(GeV), where the upper 
bound comes from the /9-parameter constraint given by Eq. (2.10). 

(ii) Large Yukawa couplings (Y&)ij ~ ^(1) which corresponds to small va > 0(1O -2 eV). 
Note that va cannot be arbitrarily small because of the naturalness consideration for the 
Yukawa couplings in Eq. (2.17). 

2.2 Scalar Masses and Mixing 

Expanding the scalar fields (fP and 5° around their vevs, we obtain 10 real- valued field 
components: 

which, upon minimization of the scalar potential V(<3?, A) in Eq. (2.6) with respect to the 
vevs, yields a 10 x 10 squared mass matrix for the scalars. There are seven physical massive 
eigenstates iT™ , , h, H° , A and three massless Goldstone bosons G^,G° which are 
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eaten up to give mass to the SM gauge bosons W^,Z. The physical mass eigenvalues for 
the scalar sector are given by 

m 2 H±± = M A + ^(A 4 + X 5 )v 2 + -(Ai + X 2 )v 2 A , (2.19) 
m 2 H ± = (m\ + \W + Ixivl) (l + , (2.20) 



2 2 "y v « 

-(A 4 -A 5 )^ + - 



+ -(A 4 - A 5 )« 2 + -X lV 2 A ) ( 1 + -A ) , (2.21) 



J + C - V(^4 - C) 2 + 452) , (2.22) 



2 

^ + C + V(^4 - C) 2 + 4^ 2 ) , (2.23) 

2v A / ,,2 , 1 i. 2 \ A/r 2 , i/x. , 3 \.„,2 



with A = Xv 2 , B = ± Mi + -Ait;i , C = Mi + -(A 4 - X 5 )v 2 + -X lV 2 A . 

v \ 2 J 2 2 

Note that among the two CP-even neutral Higgs bosons, m H o > rrih is always satisfied. 

The mixing between the doublet and triplet scalar fields in the charged, CP-even and 
CP-odd scalar sectors are respectively given by 







\ H± ) 




( h\ 

















cos /3' sin /3' 

— sin j3' cos /3' 

cos a sin a 

— sin a cos a 

cos (3 sin j3 

— sin j3 cos j3 




(2.24) 
(2.25) 
(2.26) 



where the mixing angles are given by 



tan/3' = (2.27) 



■v 



tan/3 = — = \Z2tan/3', (2.28) 

tan 2a _ _ ^ __il±i^i___. (2.29) 

A-C v Ml + l(A 4 -A 5 -2A)» 2 + |A 1 t.| 1 k 

Thus in the limit ua^", the mixing between the doublet and triplet scalars is usually small 
(unless the CP-even scalars h and H° are close to being mass-degenerate). In this limit, 
the mass of the (dominantly doublet) lightest CP-even scalar is simply given by m| = Xv 2 
(as in the SM) independent of the mass scale Ma, whereas the other (dominantly triplet) 
scalars have MA-dependent mass. The mass scale Ma will be simply referred to as the 
"seesaw scale" for the rest of our paper. 

2.3 Stability and Unitarity Conditions 

Here we summarize the constraints on the scalar potential of the type-II seesaw model given 
by Eq. (2.6) in order to ensure the stability of the electroweak vacuum and the preservation 
of the tree-level unitarity in various scattering processes. 
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The necessary and sufficient conditions valid for all directions in field space to ensure 
that the scalar potential in Eq. (2.6) is bounded from below are given by [55] 



A>0, Ai>0, 2Ai + A 2 >0, 



A 4 + A 5 + > 0, A 4 + A 5 + y/A ( A i + y) > ' 

A 4 - A 5 + x/AAi" > 0, A 4 - A 5 + ^A ^Ai + y ^ > 0. (2.30) 

In addition, the tree-level unitarity of the ^-matrix for elastic scattering imposes the fol- 
lowing constraints [55]: 

g 

A < -tt, Ai - A 2 < 8vr, 4Ai + A 2 < 8vr, 2Ai + 3A 2 < 16vr, 



|A 5 | < ^min 



V(A±87r)(Ai -A 2 ±8tt) 



|A 4 | < ( A - 1^) ( 4A i + A 2 - 8vr). (2.31) 

3 The Renormalization Group Equations 

In this section, we present the RG equations (RGEs) for the scalar, gauge and Yukawa 
couplings relevant for our analysis. For the SM fermions, we will only keep the dominant 
top-quark Yukawa coupling terms. Depending on whether the renormalization scale fx is 
below or above the seesaw scale Ma, the RG running will be different, as follows: 

3.1 For n < Ma 

Below the seesaw scale Ma, the heavy Higgs triplets can be integrated out to obtain a 
low-energy effective scalar potential for the SM Higgs doublet: 

V cS ($) = -m|(*t*) + i(A - \l)(&$) 2 , (3.1) 

and hence, the effective SM Higgs quartic coupling is shifted down: 

A -> Asm = A - A§ , (3.2) 
A 6 = 2v A M A f 
M A v 2 I 2M a 



where A 6 = -jf- = 2 ( 1 + 77 ^-(A 4 - A 5 ) ) (3.3) 



from Eq. (2.13). Thus, for a low-scale seesaw with Ma comparable to v, we always have 
Ag <C A below Ma, and hence, its effect on the SM Higgs quartic coupling can be ignored. 
However, for a high-scale seesaw with Ma S> v, the effect of A6 could be non-negligible. 
The two-loop RG equation for the Higgs quartic coupling is given by 



dln/j, 16tt 2 (16vr 2 ) 2 



+ 7^^- (3-4) 
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with the ^-functions [66-69] 

tf ] = 12A 2 - Q 5l 2 + 9fli) A + ? (A 5 4 + y lg 2 + ^ + 12y 2 X _ l2yt (3 5) 

/3f = -78A 3 + 18 {^g\ + 3fli) A 2 - - - ^) A - 3 Ay* 

305 6 289 2 4 1677 4 2 3411 6 2 4 16 2 4 9 4 2 
+ -^"52 - -^lfe - ^q-0102 - ^00^01 - 64 03yi - y0i% - 2^2% 

2 , 9 2 . q„2 1 „,2 3 2 / 57 2 „- 2 1 2 TO\2„,2 



+10A + ~/ 2 + S 9 i yf - -gi ( YqPi " 21^1 - 72AV + 60y?. (3.6) 

The boundary condition for A(/i) at a given renormalization scale /i can be determined from 
the one-loop matching condition [70] for the SM Higgs boson pole mass and its running 



mass m/ l (/i) = yj JJjijv: 



. 4 



A( M ) = ^[1 + A & 0i)], (3.7) 

with the expression for A^(/i) explicitly given in Appendix A. 

For the top-quark Yukawa coupling, we have the two-loop RG equation 

dm ($P , /3 t {2) ^ 



din /I \16tt 2 (16vr 2 ) 2 

where [66] 

_ 9 2 f 17 „2 , 9 2 , B 2 



+ ttsSw y*> ( 3 - 8 ) 



= jft " ( 20^1 + I 92 + 8 ^ J > ( 3 - 9 ) 

R {2) 4 /393 2 225 2 3 \ 2 1187 4 9 2 2 19 2 2 

$ = -12y t + I — 5l + — 52 + 36y 3 J j/ t + -goQ-Si ~ ^9i92 + ^9i9z 

23 3 
" T 02 4 + 9<72 2 03 2 " W8gl + - A 2 - 6Ay 2 . (3.10) 

The boundary condition for yt((J>) can be determined from the matching condition be- 
tween the running top quark mass mj(/i) = yt(fJ,)v / and its pole mass Mt, analogous to 
Eq. (3.7): 

y t ( M ) = ^[l + A t ( M )], (3.11) 

where Aj(/i) gets contributions from QCD [71-74] as well as electroweak corrections [75, 76]. 
The QCD corrections up to 0(a 2 ) and the electroweak corrections up to order O(a) are 
explicitly given in Appendix A. 

The two-loop RG equations for the SM gauge couplings are given by [66, 68] 



dln M ~ 16tt 2 J (i6vr2)2Z^^^ (167T 2 ) 24 ' 1 ' 



4 Henceforth, we will denote the pole masses by upper case, and the running masses by lower case, 
whenever applicable. 
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Figure 1. The RG running of the SM Higgs quartic coupling for — 125 ± 1 GeV. 



where for i 



1,2,3, the /3-function coefficients are given by 
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(3.13) 
(3.14) 



and Oj = (jg, §,2). In Eqs. (3.13), Np is the effective number of flavors below the renor- 
malization scale ji. The boundary conditions for g^s are chosen to their MS values at the 
Z-pole [64]: (a 1 ,a 2 ,a 3 )(M z ) = (0.01681,0.03354,0.1184) (where a { = gf/iir). 

In order to simultaneously solve the coupled RGEs (3.4), (3.8) and (3.12), we have to 
impose the initial boundary conditions at a common renormalization scale. In order to do 
so, we first evolve the gauge coupling RGEs from \i = Mz to /i = Mj using Eq. (3.12) 
without the top- Yukawa contribution and setting Np = 5 in Eqs. (3.13) and (3.14). Then 
following Appendix A, we set the boundary conditions for the Higgs quartic coupling and 
the top- Yukawa coupling at the common scale \x = Mt, and evolve them to fi < Ma along 
with the gauge couplings with their full SM RGE given in Eq. (3.12) with Np = 6 in 
Eqs. (3.13) and (3.14). 

Using this procedure and for the chosen parameter values as listed in Appendix A, we 
find that the SM Higgs quartic coupling becomes negative at a renormalization scale [i = 10 9 
- 10 10 GeV for = 125 ± 1 GeV, as shown in Fig. 1. Here the solid line corresponds to 
the running of Asm for = 125 GeV and the lower (upper) dashed line corresponds to 
M h = 124 (126) GeV. For M h = 125 GeV, we obtain the SM vacuum instability scale of 
A 7 = 4 x 10 9 GeV. 

3.2 For /x > Ma 

For renormalization scale [i > Ma, the /3-functions and fi^ in Eqs. (3.9) and (3.10) for 
the running of the top-quark Yukawa coupling remain unchanged since the coupling hti in 
the type-II seesaw model is almost identical to that in the SM. However, the /3-functions for 
the electroweak gauge couplings and the Higgs quartic couplings get contributions from the 
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triplet Higgs sector. Following the one-loop corrections evaluated in [63, 77], and assuming 
that M A > Af t , we replace fej's in Eq. (3.13): 6? M = (-%, f , 7) with 



and M 1} in Eq. (3.5) with 



0< 1 >- > /J< 1 >+ 6*1 + 4*1. (3.16) 



For the new scalar couplings in the type-II seesaw model, the one-loop RG equations 
are given by [63, 77] 

o dXi /36 2 , 2 A x 108 4 4 72 2 2 

+14A 2 + 4AxA 2 + 2X 2 2 + AX 2 4 + 4A 2 , + 4Tr [S A ] Ai - 8Tr [S|] , (3.17) 

.„ 2 d\ 2 /36 2 ^ 9 , 2 \ x , 10 4 144 2 2 

16vr _ = - + 24 52 j A 2 + 12ft, - — 9l g 2 

+3A^ + 12AiA 2 - 8A 2 , + 4Tr [S A ] A 2 + 8Tr [S A ] , (3.18) 
1fi 2 ^4 /9 2 33 2 \ . 27 4 4 

+ (8Ai + 2A 2 + 6A + 4A 4 + 6y 2 + 2Tr [S A ]) A 4 + 8A 2 , - 4Tr [S A ] ,(3.19) 

2 ^5 9 2 33 2 18 2 2 

+ (2Ai - 2A 2 + 2A + 8A 4 + 6y 2 + 2Tr [S A ]) A 5 + 4Tr [S|] . (3.20) 
Here, Sa = ^a^^A an d its corresponding RG equation is given by 
2 ^Sa _ „ c 2 o / 3 2 2 



1 dh^l = 6 S A " 3 [pi + 3 52 ) Sa + 2Tr[S A ]S A . (3.21) 

For our numerical purposes, we will fix the structure of the Yukawa coupling matrix Ya as 
in Eq. (2.17) to fit the low-energy neutrino oscillation data, whereas the overall neutrino 
mass scale in Eq. (2.7) is fixed by the scalar triplet vev wa- For small v& ~ O(eV), Tt(Ya) 
is of order unity and we cannot ignore the effect of Sa on the RG equations (3.17)-(3.20). 

Note that the new contributions in Eq. (3.16) are both positive which is a crucial feature 
in changing the overall sign of the /3-function for the quartic coupling, thereby improving 
the electroweak vacuum stability in the type-II seesaw model. This is illustrated in Fig. 2 
(left panel) for Mh = 125 GeV and the seesaw scale Ma = 4 x 10 9 GeV at which Asm 
vanishes (as already shown in Fig. 1). Here we have chosen V/\ = 0.05 eV so that the effect 
of A6 on Asm in Eq. (3.2) is negligible. We have shown the result for a sample set of initial 
values for the Aj's (with i = 1,2,4,5) at /jl = M A : {0.0767,0.0079,0.8174,-0.3569} which 
satisfy all the stability and unitarity conditions discussed in Section 2.3. The full allowed 
range of Aj's satisfying these conditions will be presented in the following Section. 

We have also checked that the SM gauge and Yukawa couplings remain finite up to the 
Planck scale for the allowed parameter space satisfying the stability and unitarity conditions 
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Figure 2. (Left panel) The RG running of the scalar quartic coupling for Mh = 125 GeV in 
the type-II seesaw model with Ma = 4 x 10 9 GeV. (Right Panel) Also shown are the gauge and 
top- Yukawa couplings. The dashed lines show the running of these parameters in the SM. The 
boundary conditions for the SM parameters are same as in Fig. 1. 

in the type-II seesaw model. For illustration, we have shown the RG running of the three 
gauge couplings and the dominant top- Yukawa coupling in Fig: 2 (right panel) for the 
parameter values mentioned above. The dashed lines show the RG running of the gauge 
couplings gi and gi m the SM which are different from those in the type-II seesaw model 
above the seesaw scale, as shown in Eq. (3.15). 

4 The Allowed Parameter Space 

In this section, we analyze the allowed parameter space in the scalar sector of the type-II 
seesaw model which yields a doublet Higgs pole mass Mh = 125 GeV while satisfying all the 
vacuum stability and unitarity conditions discussed in Section 2.3 up to the Planck scale 
and also satisfying the neutrino oscillation data at low-scale. We present our scan results 
for two benchmark scenarios as follows: 

4.1 Low- scale Seesaw 

In our first benchmark scenario, we would like to consider a low-scale type-II seesaw model 
which could be testable at the LHC and other low-energy experiments [43, 44] (for an 
earlier review, see e.g., [61]). First, let us review the existing constraints on the seesaw 
scale. The strongest limits come from the ongoing LHC searches for doubly-charged Higgs 
bosons [45, 46]. They can be produced via qq — > 7*, Z*, pF ± *W ± * ->■ H ++ H , q'q — > 
W* — > H H^,H and have the following possible decay channels: (i) same-sign 

charged lepton pair (£^£^), (ii) pair of charged gauge bosons (IF^VF 1 * 1 ), (hi) W^H^, and 
(iv) H H , if kinematically allowed. For v/± < 1CF 4 GeV (large Yukawa couplings) and 
degenerate triplet scalars, the doubly-charged Higgs decays dominantly to £ I , and the 
current 95% CL lower limit on its mass is M H ±± > 300 - 400 GeV [45], depending on 
the final-state lepton-flavor. On the other hand, for va > 10 -4 GeV (small Yukawa), the 
branching ratio to i^t^ 1 decreases significantly, and the other decay channels (ii), (iii) and 
(iv) become dominant. In this case, the lower limit on the mass of can be lowered 



-13- 



to about 100 GeV, provided the mass splitting between the singly- and doubly-charged 
scalars is large enough to allow for the cascade decays [44]. Note that in either case, the 
constraints from other low-energy experiments such as the lepton-flavor violating decays 
can be satisfied, provided [78, 79] 

v A M H ±± > 150 eV GeV . (4.1) 

For the singly-charged Higgs bosons H^, the coupling to a pair of quarks is suppressed 
by va/v in the type-II seesaw model. Hence, the conventional mechanisms for its production 
at hadron colliders such as gg — > tbH + and bg — > tH + are suppressed. Moreover, the 
branching ratio of t — > bH + would also be suppressed, and the LHC limits on M H ± [80, 81] 
may not apply in this case 5 . However, we can still apply the combined LEP lower limit on 
M H ± of about 80 GeV [84]. 

Apart from these constraints from direct searches, the triplet Higgs sector also con- 
tributes to the electroweak precision observables, namely, the S,T, U parameters [85]. The 
dominant constraint comes from the T parameter which is governed by the mass difference 
between the singly- and doubly-charged Higgs bosons, AM = \Mjj±± — Mjj±\. For a light 
SM Higgs, it was shown in Ref. [44] that the allowed range of AM is roughly 0-50 GeV, and 
using the latest best-fit results for the oblique parameters, Ref. [39] updated it to AM < 40 
GeV, almost independently of the doubly-charged Higgs mass. 

In view of these constraints on the scalar sector, we choose a seesaw scale of Ma = 200 
GeV in our first benchmark scenario. For M^ = 125 GeV, this requires the scalar quartic 
coupling at M A to be A(/i = 200 GeV) = 0.25 (cf. Fig. 1). With this initial value of 
A, we perform scans over the parameter space of the remaining scalar couplings to obtain 
the allowed range satisfying the vacuum stability and perturbative conditions discussed in 
Section 2.3. Our results are presented in Fig. 3. Here we choose i>a = 1 GeV for illustration, 
but our scan results are independent of the exact value of v a in the limit va <C v as long 
as V A ^ 10 -4 GeV in order to be able to avoid the collider constraints on M H ±± for a low 
seesaw scale, as discussed above. 

Note that the region around (A4, A5) = (0,0) is not allowed since the RGE for the 
scalar quartic coupling in the vicinity of this region is almost identical to its SM RGE [cf. 
Eq. (3.16)], and hence, we hit the SM vacuum instability scale below Mp. Nonetheless, we 
find that there exists a large parameter space in a low-scale type-II seesaw model which 
yield a SM Higgs mass of 125 GeV while satisfying all the stability and unitarity constraints 
as well as the current experimental bounds. Some phenomenological implications of this 
result will be discussed in Section 5. 

4.2 High-scale Seesaw 

From the point of view of vacuum stability, the highest possible seesaw scale is determined 
by the vanishing SM Higgs quartic coupling at [i = Aj. For M^ = 125 GeV, Asm becomes 
zero at A 7 = 4 x 10 9 GeV (Fig. 1). Hence, in our second benchmark scenario, we fix the 

Due to similar suppression in their production and decay rates, the dominantly triplet neutral scalars 
H° and A can also evade the mass limits from the direct LHC searches for a neutral Higgs boson [82, 83]. 
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seesaw scale to be Ma = A/ = 4 x 10 9 GeV. For such a high seesaw scale, the triplet scalar 
masses are well beyond the current experimental constraints [45, 46]. Hence, the triplet vev 
V/\ can be anywhere between its upper bound of 0(1) GeV and O(0. 01) eV below which the 
Yukawa couplings in Eq. (2.15) become non-perturbative. For our analysis of the parameter 
space in this benchmark scenario, we have chosen va = 0.05 eV so that A6 in Eq. (3.3) is 
small and its effect on A can be neglected 6 . Using the initial condition A = at fi = Ma, 
we scan over the rest of the scalar couplings at this scale to find the allowed parameter space 
satisfying the stability and perturbativity conditions given by Eqs. (2.30) and (2.31). Our 
results are shown in Fig. 4. We find that the allowed parameter space is almost identical to 
the low-scale seesaw case (Fig. 3), except for the negative values of A4 which are not allowed 
in the high-scale seesaw scenario. 

Even though such a high-scale seesaw model is not accessible at colliders, it could 
be useful in explaining the observed matter-antimatter asymmetry in our Universe via 
leptogenesis [86] 7 as well as inflation [38, 88] through the decay of the heavy scalar triplet. 
Moreover, the minimal type-II seesaw model we have been discussing here can be easily 
extended to accommodate a Dark Matter candidate by adding extra SM singlet scalar 
field(s) with a discrete Z2 symmetry [40, 89, 90]. A detailed phenomenological analysis of 
these possibilities in the parameter space allowed by vacuum stability and perturbativity 
as illustrated here for the minimal model is left for future study. 

6 For a non-negligible value of A6, the quartic coupling for Mh = 125 GeV will become negative at a 
lower value of \x, and we can do a similar analysis by fixing the seesaw scale to this value. 

7 We could also have leptogenesis with a low-scale type-II seesaw model through a resonant mechanism, 
but it requires more than one scalar triplets. For a review of leptogenesis in both high- and low-scale type-II 
seesaw models, see e.g., [87]. 
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Figure 4. The allowed parameter space in (a) (Ai,A2) plane and (b) (A^As) plane for the scalar 
sector of a high-scale (A/a = 4x 10 9 GeV,UA = 0.05 eV) type-II seesaw model. 



5 Predictions for the Decay Rates of h — > 77, Z7 

In the SM, the decay h — > 77 (Z) is mediated at the one-loop level by the virtual exchange of 
SM fermions (dominantly the top-quark) and the W-boson [91, 92]. The Higgs-to-diphoton 
decay channel is one of the highest mass resolution channels and plays an important role 
in the SM Higgs discovery at the LHC [1, 2]. The current signal strength (as defined by 
the ratio of the observed cross-section times branching ratio over the SM expected value) 
in the pp -> h -> 77 channel is 1.8 ± 0.4 (ATLAS) [6] and 1.56 ± 0.43 (CMS) [7] 8 . Thus 
there is about 2a discrepancy between the observed value and the SM prediction in the 77 
channel at the moment 9 . If this excess still remains even with higher statistics, it could 
be an indication for some beyond SM physics where new charged particles that couple to 
the SM Higgs boson contribute constructively to the h — >• 77 amplitude. In the type-II 
seesaw model, there are additional contributions from the new charged Higgs states [55]. 
Following the general results for spin-0, spin-1/2 and spin-1 contributions to the h — )■ 77 
rate [92] (see also [8, 94, 95]), we obtain for its partial decay width: 



a 2 G F Ml 

T(h -> 77) - 



128\/2' 



7T' 



Yl N cQ)9 hf fA h l/2 {T f ) + g hW +w-Ai(jw) 

f 

2 

+9hH± H^Aq( t H±) + 4ghH±±H^ A o( T H±± 



(5.1) 



Here Gf is the Fermi coupling constant, a is the fine-structure constant, N c = 3(1) for 
quarks (leptons), Qf is the electric charge of the fermion in the loop, and n = M^/AMf (i = 



8 Since the CMS 77 result has not yet been updated for the full 8 TeV dataset, we will only quote the 
ATLAS value as our reference point in the following analysis. 

9 The theoretical uncertainties of about 30% in the cross-section of the SM Higgs boson production 
through gluon fusion, cr(gg — > h), can reduce this discrepancy between the measured and SM expected 
values to about la level [93]. 
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f,W,H ,H ). The first two terms in the squared amplitude (5.1) are the SM fermion 
and VF-boson contributions respectively, whereas the last two terms correspond to the 
and H ±i: contributions. The relevant loop functions are given by 



A 



A (r) 
i/2(t) 



Mr) = 

and the function /(t) is given by 



~[r - f(r)]r- 2 , 

2[r+(r-l)/(r)]r- 2 , 

- [2r 2 +3r + 3(2r-l)/(r)] r~ 2 , 



(5.2) 
(5.3) 
(5.4) 



f(r) 



[ S in- 1 ( v ^)] ; 



log 



1 + vT 



1-vT 



ITT 



(r<l) 
(r>l) 



(5.5) 



Note that the i7 ±=l: contribution in the amplitude of Eq. (5.1) is enhanced by a factor of 
four compared to the contribution since has an electric charge of ±2 units. 

The couplings of h to the SM fermions and vector bosons relative to the SM Higgs 
couplings are given by 



9hff 



cos a 
cos 



9hw+w~ = cos a + 2 sin a- 



(5.6) 



From Eqs. (2.27) and (2.29), we see that in the limit va "C v, we have cos , cos a ~ 1, and 
hence, the couplings in Eq. (5.6) are essentially identical to the SM Higgs boson couplings 
to fermions and vector bosons. For the scalar trilinear couplings in Eq. (5.1), we have 



9hH++H- 



M w 



9M 2 



9hH++H~ 



9hH+H~ 



H±± 



M w 

9MI 



9hH+H- 



(5.7) 



with the following definitions in terms of the parameters of the scalar potential (up to 
Oivl)) [37]: 



9hH++H~~ 
9hH+H~ 



(Ai + \2)v a sin a + (A4 + \$)v cos a , 
Ai cos 2 + (A 4 + A 5 ) sin 2 f3') v A + \72A 5 cos sin 0i 



(A sin 2 + A4 cos 2 0) v + \pi cos sin 



2Mi 



+ A4 ) VA 



(5.8) 

sino + 

cos a (5.9) 



In the limit v a "C f, we can rewrite Eqs. (5.8) and (5.9) in the following simple forms: 

9hH++H— - ( A 4 + A 5 )u , g hH +H- - ^v. (5.10) 

Thus, the signs of the couplings ghH++H — an d 9hH+H~i arK1 hence, those of the 
and contributions to the amplitude in Eq. (5.1) are respectively fixed by the scalar 

couplings (A4 + A5) and A4 which are in turn constrained by the vacuum stability and 
unitarity conditions, as shown in the previous section. Due to the enhancement factor of 
four for the contribution in Eq. (5.1), we would expect this term to dominate over 

the contribution for most of the allowed parameter space. 



-17- 



For the partial decay width of h — > Zj, we obtain [96, 97] (see also [8, 42]) 



T(h -> Zi) 



aG 2 F M w Ml 
64vr 4 



1 



Ml 



±- Y, N c Q f {2l{ - ^Qfs w )g hff -A h 1/2 (T[,4) 



+CW 9hW+W~ A lijh \ T F) H aZH±H^ahH±H^ A o( T h i T Z 

Sw 

r, 2 

H gZH±±H^9hH±±H^A {T h ,T Z ) 

Sw 



(5.11) 



where r£ = 4M?/M|, r| = 4M?/M§ (with i = /, W, F ± , # ±=b ), and the loop-factors are 
given by 

Ao(T h ,T Z ) = h(Th,r z ), 
A h 1/2 {T h)Tz ) = h(T h ,T Z ) ~ I 2 (T h ,T Z ), (5.12) 
A\{t h ,t z ) = 4(3 - tan 2 6 w )I 2 (T h ,T Z ) +[(1 + 2t^ 1 ) tan 2 9 W - (5 + 2^)] h(T h ,T Z ). 

The functions I\ and I2 are given by 

2{T h -T Z ) 2(T h -T Z ) (jh-T Z ) 
ThTZ 



h(r h ,T Z ) 
h(r h ,Tz) 



[f for 1 ) - / te 1 )] 



2fa - t z ) 

where the function f(r) is defined in Eq. (5.5), and the function g(r) is defined as 

(r<l) 
(r>l). 



(5.13) 



' Vt- 1 - lsin" 1 (yV) , 



9KV 



1 



log 



1 + vT 



i-vT 



— 1 



27T 



(5.14) 



The scalar couplings g^fj and ghW+W~ are given in Eq. (5.6), and the scalar trilinear cou- 
plings (jhH ± H^ an d ghH^HTT are given in Eq. (5.7). The remaining couplings in Eq. (5.11) 
are given by 



9zh+h- 



tan.9 w ■, 9zh++h~ 



2 cot 29 



w 



(5.15) 



In the SM, the partial decay width of h — > 77 is dominated by the VF-loop contribution 
which interferes destructively with the sub-dominant top-loop contribution [94]. Hence, in 
the type-II seesaw model, we can have enhancement in the h — ¥ 77 decay width with 
respect to the SM value provided we have constructive interference of the charged-Higgs 
contributions in Eq. (5.1) with the VK-loop contribution. This happens for (A4 + A5) < 
which is allowed over a small range of the parameter space as shown in Fig. 3 (b). 

The doubly-charged scalar contribution dominates over the singly-charged scalar con- 
tribution for both h — > 77 and h — > Zj amplitude, but with opposite sign with respect to 
the SM contribution. Thus, for (A4 + A5) < 0, the decay-width is enhanced for h — > 77 
and suppressed for h — > Zj. For the same reason, the region where both A4 and A4 + A5 
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are positive, the behavior reverses. In other words, the — ?■ 77 and h — > Z7 partial decay 
widths are aniz-correlated which can be easily seen from Fig. 5 (discussed below). Hence, 
it is not possible to have an enhancement for h — > Z7 and h — > 77 simultaneously in the 
type-II seesaw model, and a detection of such a correlation at the LHC will strongly disfavor 
this model. 

In order to compare the model predictions for the signal strength with the SM value at 
the LHC, the partial decay widths of the processes h — > 77, Z7 can be expressed in terms 
of the following simple ratios: 

R = CTmodcl(PP -> h ->■ 77) = (TmodeljPP ~J> h) BR model (/l -> 77) 

77 &Sm(pp -> /i -> 77) 0"sm(pp -> /i) BR SM (/i ->■ 77) 

and similarly for i?z 7 . For the dominant Higgs production channel at the LHC, namely 
gg —7- h (see e.g., [98]), the ratio of the production cross-sections in Eq. (5.16), c mo ^ e \(pp —> 
h) / ctsm(pp —th) = cos 2 a for the type-II seesaw model, where the mixing angle a is given 
by Eq. (2.29). Thus, for a SM-like Higgs regime of the type-II seesaw model, the dominant 
production cross-section is essentially the same as that in the SM. The branching ratios of 
all the Higgs decay channels are also the same as in the SM, except for 77 and Zj channels 
which can differ significantly as discussed above, but their contribution to the total decay 
width remains negligible as in the SM. Hence, for our numerical purposes, we can simply 
assume i? 77 defined in Eq. (5.16) to be the ratio of the partial decay widths for h — > 77 in 
the type-II seesaw model and in the SM. 

The predictions for the ratios Rjj in the allowed model parameter space for a low 
seesaw scale of Ma = 200 GeV (cf. Fig. 3) are shown in Fig. 5(a), as a function of the 
doubly-charged Higgs mass given by Eq. (2.19) evaluated at the seesaw scale \x = Ma- The 
results for another seesaw scale Ma = 300 GeV are shown in Fig. 5(b). We can clearly see 
the anti-correlation between the 77 and Z7 rates, as argued above. We find that the size 
of the enhancement in the Zj channel is much smaller compared to that in the 77 channel. 

It is also worth noting from Fig. 5 that the 77 enhancement can be huge for a light 
doubly-charged Higgs, and the current upper limit from ATLAS, i? 77 = 1.8 ±0.4 [6], already 
requires Mjj±± > 150 GeV or so. This provides a unique way to probe the small Yukawa 
region (v&. > 10~ 4 GeV) of the model parameter space which is currently inaccessible to 
the direct searches. 

With the increase in seesaw scale, the enhancement in the 77 rate decreases substan- 
tially. In order to quantify this effect, we study the allowed range of h — >■ 77, Z7 decay 
rates as a function of the seesaw scale, and as a consequence, obtain an upper limit on the 
seesaw scale for any given value of the enhancement. This is explicitly shown in Fig. 6. We 
find that the new contributions from the charged Higgs bosons in the type-II seesaw model 
become negligible beyond a seesaw scale of Ma ~ 10 TeV. Hence, for a given enhancement 
in the 77 channel, we will have an upper limit on the seesaw scale. For instance, for the 
current ATLAS central value of i? 77 = 1.8 (solid horizontal line in Fig. 6), the upper limit 
on the seesaw scale becomes Ma < 250 GeV. If more than 10% enhancement is confirmed 
in future with more statistics, we must have the seesaw scale below 450 GeV provided there 
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Figure 5. The predictions for i? 77 (red/dark) and Rz 7 (green/light) in the allowed parameter 
space of a low-scale type-II seesaw model with (a) Ma — 200 GeV and (b) Ma — 300 GeV. Here 
we have chosen v& = 1 GeV. 
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Figure 6. The shaded regions show the predicted range of h — > 77 and h — » Z7 decay rates 
with respect to the SM expectations as a function of the type-II seesaw scale for the allowed range 
of the model parameters. For i? 77 , the data points denoted by circles (squares) correspond to 
the maximum (minimum) value allowed for a given seesaw scale. For Rz-y, the circles (squares) 
correspond to the minimum (maximum) allowed value due to its anti-correlation with i? 77 . The 
solid horizontal line shows the central value of the current upper limit on _R 77 from ATLAS [6], 
whereas the dashed lines show its current la range. 



is no additional contribution to this enhancement due to any other new physics effects apart 
from the type-II seesaw. 

An upper limit on the seesaw scale will in turn put upper bounds on the masses of the 
singly- and doubly-charged Higgs bosons in the type-II seesaw model which can be used to 
explore the full allowed parameter space of the model at the LHC. In Tables 1 and 2, we have 
shown the masses of the singly- and doubly-charged scalars corresponding to the maximum 
enhancement (suppression) at a particular seesaw scale. This result could be used to test the 
minimal type-II seesaw model as a single viable extension of the SM up to the Planck scale, 
once more precise measurements of the h — > 77 rate is performed at the LHC. This can also 
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Table 1. Masses of the charged scalar particles in the type-II seesaw model corresponding to the 
maximum (minimum) value of i? 77 for a given seesaw scale, as shown in Fig. 6. 

be done in combination with the h — > Z7 channel which has currently a poor sensitivity at 
the LHC [99], but is expected to be improved significantly with more data. A statistically 
significant enhancement in both the 77 and Zj channels would be strongly detrimental for 
a type-II seesaw model. A detailed study of the correlation between the *yy(Z) decay rates 
and the collider signals of the type-II seesaw model in the allowed parameter space will be 
presented in a future communication. 

6 Conclusions 

In conclusion, we have studied the effects of electroweak vacuum stability and unitarity 
conditions on the full parameter space of the minimal type-II seesaw model in the light of 
the recent discovery of a SM Higgs-like particle at the LHC in the mass range of 124 - 126 
GeV. We find that there exists a large parameter space in the model, irrespective of the 
seesaw scale (as long as it is below the SM vacuum instability scale), which yields a SM- 
like Higgs mass around 125 GeV while satisfying all the stability and unitarity conditions 
as well as neutrino oscillation data, collider bounds and other low-energy data. We have 
performed a numerical scan over the entire parameter space of the model and have shown 
the allowed region for two benchmark values representing low- and high-scale seesaw. We 
have also studied the predictions for the partial decay widths of the h — > 77 and h — > Z7 
with respect to their SM expectations and find that these two rates are anti-correlated in 
the type-II seesaw model. Moreover, for a sufficiently low seesaw scale, the deviations from 
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Table 2. Masses of the charged scalar particles in the type-II seesaw model corresponding to the 
maximum (minimum) value of Rz 7 for a given seesaw scale, as shown in Fig. 6. 

the SM prediction could be significant. For a given value of such deviation, we obtain an 
upper bound on the seesaw scale. This in turn imposes an upper bound on the masses of 
the singly- and doubly-charged Higgs bosons in the model. For more than 10% deviation 
of the 77 signal strength from its SM value, the corresponding upper bound on the type-II 
seesaw scale is about 450 GeV which is completely within the reach of the LHC. This result 
should be encouraging for the experimental searches for these charged Higgs particles. With 
improved sensitivity in the h — > 77 and Z7 signal strengths in the future, we hope to be 
able to probe the entire allowed parameter space of the minimal type-II seesaw model, thus 
enabling us to firmly establish/eliminate it as a single viable extension of the SM. 
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A Matching condition for the MS and pole masses 

The running Higgs mass in the MS scheme is related to its pole mass by the matching 
condition given by Eq. (3.7), where [70] 
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sin 2 6*vi/) = cos 2 6*w (#vy denotes the weak mixing angle) and 
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(A.3) 



with .4 = - 4z|. 

For the matching condition (3.11) between the top quark MS and pole masses, the 
radiative correction has both QCD [71-74] and electroweak [75, 76] parts, each of which is 
separately finite and gauge-independent. Here we give the explicit expression up to 0(a 2 ) 
for the QCD part and 0{a) for the electroweak part: 
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where Nl is the number of massless quark flavors, r = M^/AMf. For [i = Mf, the numerical 
coefficients (a t , b u c t ) = (-6.90, 1.73, -5.82) x 10" 3 [75, 100]. We have neglected the 0(aaj) 
and 0(a|) terms in Eq. (A.4) whose contributions are less than 0.5% [76]. 
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Following the latest best-fit mass measurement results, Mh = 125.2 ± 0.3(stat) ± 
0.6(syst) GeV (ATLAS) [4] and 125.8 ± 0.4(stat) ± 0.4(syst) GeV (CMS) [5], we have used 
Mh = 125 GeV in Eq. (3.7) and for the rest of our analysis, unless otherwise specified. 

For the top quark pole mass, we have used Mt = 173.2 GeV in Eq. (3.11) follow- 
ing the latest measurements from Tevatron and LHC experiments which are consistent 
with each other: M t = 173.2 ± 0.9 GeV (Tevatron) [101] and 173.3 ± 0.5 ± 1.3 GeV (AT- 
LAS+CMS) [102]. For the other SM parameters appearing in Eqs. (A.l) and (A. 4), we have 
used the PDG central values: Gf = 1.166 x 10 -5 GeV -2 for the Fermi coupling constant, 
a{M t ) = 1/127.9 for the fine-structure constant, M w = 80.4 GeV and M z = 91.2 GeV for 
the W and Z pole masses [64]. 
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